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Abstract： The integrated model of the two-stroke free-piston engine system driven by compressed air is 
established using MATLAB/Simulink software and the relationship and the influence of the reciprocating 
motion, friction force, cylinder process and electromagnetic characteristics of permanent magnet linear 
generator are fully investigated. The piston displacement, velocity, acceleration, thrust, air pressure in 
cylinder and generator voltage and their relationship are simulated and analyzed, and the motion 
performance, the characteristics and interaction relationship of the system are obtained. The experimental 
platform of air driven free-piston linear expander system is tested. Simulation results are compared with 
experimental data and the whole model is validated. The developed model is then used to study the influence 
of piston assembly mass, the timing of air intake and exhaust on piston motion characteristics. The peak 
voltage output, voltage harmonic distortion and efficiency of permanent magnet linear generator under 
different air pressure and the output power and efficiency with pressure of FPLG under different loads are 
obtained. The results show change rules of piston displacement, velocity and frequency changes with air 
pressure, piston assembly mass. Finally from the simulation result, the air pressure and air intake position of 
highest efficiency of the linear generator are found.                    
Keywords：Free piston expander; Permanent magnet linear generator; Voltage harmonic distortion; Motion 
characteristics 
1.  INTRODUCTION 
As free piston engine (FPE) has removed the crank connecting rod mechanism compared with the 
traditional reciprocating engine, it has the advantages of simple structure, high efficiency, low friction loss 
and long service life. FPLE is considered to be the development direction of the fourth generation of 
automotive engines. Most of the studies on free-piston engine generator system used in hybrid electric 
vehicles are two-stroke [1,2] and some are four-stroke. Mehar B compared the  motion characteristics and 
output voltage of the single-piston FPLG and double-piston one by simulation and further analyzed the 
influence of spring stiffness and bore to stroke ratio  on FPE [3,4]. Clark YW[5] and Sun P[6] studied the starting 
and stable operation of the two stroke free piston generator engine system. Roskilly AP studied the gas 
movement in the cylinder, the combustion process and the formation of nitrogen oxide through the CFD 
simulation[7]. Four-stroke free-piston engine generator (FPEG) is more suitable for hybrid vehicles with 
higher efficiency, but the control of such FPEG is more complex[8-10]. Zhou YC established the two-stroke 
spring-assisted pressure-fired free-piston linear alternator (FPLA) system model by Matlab/Simulink and the 
systematic  thermodynamic performance under steady state, performance and efficiency of FPLA under 
different compression ratio, scavenging efficiency and spring energy ratio were studied[11]. Simulation or 
experimental studies were done on the initial temperature in the cylinder, the initial pressure, the air sweep 
mode, the inlet pressure, the frictional losses, the amount of fuel injection, the ignition time and so on[12-17]. 
The concept of FPE is also expanded to the application of organic Rankine cycle (ORC) as the expander of 
the system. Expander is the core component for the work output of the ORC system and it is difficult to find a 
micro-expander suitable for application in small systems [18]. It is found that free-piston expander (FPEx) can 
be used in the ORC for recovery of waste heat from engine exhaust as it has relatively high expansion ratio 
and small flow [19-22]. Zhang H. built a compressed air driven free-piston expander linear generator system, 
and studied the factors such as working frequency, exhaust angle, air intake pressure and he found the 
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corresponding measures to improve the output power of linear generator [23]. Han Y. et al utilized GT-suite 
software to bulid an ORC free-piston expander model and they found the system performance was better 
when the ratio of power-piston area to compression-piston area was 2.51 and  output pressure was low [24]. 
They also found that the requirements of pressure and temperature for the system to reach the maximum 
efficiency (44.3%) under different working conditions [25]. Preetham B designed a new type of small stroke 
free-piston expander for low temperature waste heat recovery system. The results from his research shows 
that the mass of the piston assembly and the heating rate have a great influence on the system efficiency, and 
increase of heat supply can reduce the operating frequency of the system and increase the output power [26]. 
Zhang B designed a new free-piston expander applied to a CO2 cycle refrigeration system and proposed a 
new inlet / exhaust control method, which is more suitable for large stroke and high expansion ratio than 
traditional sliding mode control mode [27]. Li J presented a prototype of single-piston FPEx linear generator 
for a small ORC system, the motion performance and energy conversion efficiency were studied and verified 
and the experimental results showed that the steady state operation of single-piston FPEx can be realized by 
adopting timing control strategy of piston displacement [28]. literature [29] established the ring friction 
numerical model of  the piston for a free-piston linear engine alternator and compared the influence of piston 
ring friction on FPE and  conventional crankshaft engine by simulation used MATLAB software. Simulation 
results showed that the friction loss caused by piston ring contact with cylinder of FPE was smaller than that 
of crankshaft engine and the overall system efficiency of FPE was increased by 0.6%. For the power output 
from the FPE, linear generator is another key component which is used to generate electrical power output. 
Yu B designed a tubular staggered-teeth transverse flux permanent magnet linear machine, which provided a 
thought for solving the problems of traditional transverse flux permanent magnet linear generator, such as 
complex structure, poor processing technology, larger tubular and lower power factor [30]. Luo W put forward 
a design scheme of cylindrical permanent magnet linear generator based on Halbach array structure, and used 
finite element analysis (FEA) method to change the axial length of generator stator and the height of stator-
end-tooth, obtained the change law of positioning force and the optimal size [31].  Huang K found that the 
reasonable selection of the number of slot can weaken the cogging force using energy balance method, which 
can solve the problem of the cogging force in a cylindrical permanent magnet linear motor [32]. To find 
solution for the problem of low power density due to the big air gap in the permanent magnet motors in a 
wave generation system, Liu C proposed a new design which had an external permanent magnet for 
enhancing its power density and sinusoidal waveform. The results showed that the power density of the outer 
rotor permanent magnet linear generator (PMLG) is 6-8 times higher than that of the internal rotor permanent 
magnet linear generator in the same volume [33]. Jayaram S studied the radial and axial permanent magnet of 
tubular PMLG of FPE under the same conditions by Ansoft Maxwell software and the results showed that the 
axial permanent magnet had higher efficiency and output power than the radial one [34]. 
The research results have been done so far are mostly focused on the mechanical side of free-piston 
engine/expander system or the electromagnetic side of linear generator separately. The whole system 
performance and characteristics of permanent magnet linear generator coupled with the FPE has not been 
investigated or published yet. Therefore, it is necessary to carry out such a research to find out the system 
performance, including the electromagnetic characteristics, operating characteristics of the permanent magnet 
linear generator (PMLG) and the interaction between the PMLG and the FPEx. A complete system simulation 
model is established. The FPEx model is then verified by experimental test results. After that, the 
performance and motion characteristics of the system and the relationship of mutual influence factors are 
studied using the model including: the influence of piston mass quality; air intake and exhaust position on 
piston motion characteristics and influence of different pressure on output voltage amplitude; voltage 
harmonic distortion and efficiency of permanent magnet linear generator. 
2.  METHODOLOGY  
2.1 System structure  
A two-stroke compressed air FPLG system is used as the case study and the system structure is shown in 
Fig.1. 
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1 and 8-Air intake, 2 and 7-Intake valve, 3 and 6-Piston, 4- linear generator, 5-Connecting rod, 9 and 15- Cylinder, 
10、14- Vent, 11 and 13- Exhaust valve, 12- Permanent magnet  
Fig.1 Compressed air driven FPLG system 
The system is composed of two cylinders and a permanent magnet linear generator. The power source is a 
peripheral air compressor which supplies compressed air to drive the FPLG and is controlled by a servo 
motor. 
In a cycle of reciprocating motion of piston in cylinder, the displacement point corresponding to the 
minimum value of the volume in the left cylinder is defined as the top dead center (TDC), and the 
displacement point corresponding to the maximum value of the volume in the left cylinder is defined as the 
bottom dead centre (BDC). The reciprocating movement of the piston is between the TDC and BDC. The 
distance between TDC and BDC is defined as stroke.  The bore of the expander is 39.0 mm, and the stroke is 
variable (maximum 75 mm).  
When the engine system starts to work, the exhaust valve 11 in the right cylinder is opened, and the 
exhaust valve 14 in the left cylinder and air intake valve 8 in the right cylinder are closed. The compressed air 
moves from air intake 1 on the left side of the expander to push the piston to the right. When the piston 
reaches the BDC, the air intake 1 and exhaust valve 11 are closed. At the same time, the air inlet 8 on the 
right cylinder and the exhaust valve 13 on the left cylinder are opened to slow the piston down until it stops. 
Then, the piston will move back to the left. When the piston reaches the TDC again, the piston will slow 
down until it stops and then a cycle of reciprocating motion of piston in cylinder is completed. Another cycle 
will start again. This reciprocating motion drives the mover of linear generator to cut flux which can generate 
electric power in the linear generator 4.  
2.2 Simulation model of FPLG system 
The movement of the piston in the FPLG system is influenced by the thermal process in the cylinder, the 
friction between the piston and cylinder; and the electromagnetic force of the linear generator. In order to find 
out the performance characteristics of the FPLG system, a mathematical model is established, which consists 
of four parts: motion, friction, cylinder and electromagnetic force submodel. 
In order to make the mathematical model  clearer and more accurate ,the position of the piston in cylinder 
is shown in Fig.2.  
Linear generatotr
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Fig.2 The position of the cylinder piston 
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Where Smax is the maximum piston stroke, and the distance between TDC and BDC is the actual stroke Sm. 
/ 1I OX  / / 2I OX  is the  position of intake and exhaust on the left/right cylinder 
2.2.1 Motion submodel 
The moving components of the FPLG system include two pistons, a connecting rod and a permanent 
magnet linear generator. The system is subjected to the following forces: friction force fF , the pressure on 
piston pF and electromagnetic force eF . It is known from the Second Law of Newton: 
2 2
2 )4 f e
d x DM P F F
dt
π ⋅
= ⋅ ∆ − −（                                                    (1)
 
Where M is the total mass of the piston, the connecting rod and the permanent magnet component of the 
linear generator. ∆P is the differential pressure between the right and left cylinders, D is the piston diameter. 
2.2.2 Friction submodel 
The friction mainly comes from. According to the existing research results, the components of piston 
assembly which contribute to friction are piston rings and piston skirt during the piston motion process. The 
wrist pin also contributes to friction, although it is small compared with the other frictions mentioned above, 
but which need to be noticed. Compared with conventional engine, the FPE piston lacks lateral pressure, the 
wrist pin and  the skirt force are negligible, and the ring force is mainly due to the gravity of the piston group 
and the ring expansion caused by the pressure inside the cylinder. The simplest friction model is the constant 
load friction which is also related to speed,  so the following empirical formula is used to  evaluation of the 
friction force [35]. 
( )
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= + ⋅ + ⋅                                                      (2) 
Where a and b are constants,  Lst is the stroke length in meters,  N is the engine speed in cycles/min, Vd is the 
volume displaced,  fc is the friction coefficient, g is the acceleration of gravity.  
    This formula was developed from slider-crank type engines with the constants a and b  which have 
different values with the type, size of the engine and  the type of bearing. For the FPE, a is zero which has no 
bearings, the value of the constant a is also taken as zero and  the  constant  b  taken to be 200.  
2.2.3 Cylinder process submodel 
In order to study the interaction between the engine/ expander and the linear generator, it is necessary to 
understand the details of the processes of gas (compressed air) in and out of the cylinders. For this purpose, 
a cylinder process submodel is set up. To simplified the model, the following assumptions are made:  
1) The working fluid is ideal gas in the cylinder. The change rules of gas pressure, volume and 
temperature in cylinder conform to ideal state equation, and the specific heat, specific internal energy and 
specific enthalpy are only related to temperature and composition of the gas. 
2) The state of working fluid in the cylinder is uniform. The differences in pressure, temperature and 
composition among the points in the cylinder are negligible and the fresh gas flowing into the cylinder and 
the residual gas in the cylinder mix completely in an instant during the intake period, that is to say, the 
working fluid in the cylinder is homogeneous phase.  
3) The inflow and outflow of working fluid is quasi-steady flow. So working fluid can be regarded as 
stable flow within a sufficiently small step size.  
There is mass exchange between the mixed gas in the cylinder and the external environment. According 
to the law of conservation of  the total mass,  The total mass change of working fluid in the cylinder can be 
expressed as the  following formula: 
 i o
dm dmdm
dt dt dt
= +                                                                       (3) 
Where m is total mass of working fluid in the cylinder, mi is the mass of the gas flowing into the air inlet, mo  
is the mass of the gas flowing out the outlet. 
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According to the law of conservation of energy, the energy change of the in-cylinder system can be 
expressed as the  following formula: 

( ) W i o
i o
dQ dm dmd me de dm dVm e p h h
dt dt dt dt dt dt dt
= + = − + −                                  (4) 
Where e is specific internal energy of gas in the cylinder, QW is heat transfer loss, V  is instantaneous volume 
of gas in the cylinder, hi and ho is the specific enthalpy of working fluid related to the gas flow at inlet and 
outlet respectively, p is the air pressure.                            
According  to the assumptions,  the gas in the cylinder satisfies the ideal gas state equation: 
 pV mRT=                                                                       (5) 
Where R is the ideal gas constant, T is the temperature of ideal gas. 
Take the derivative of the upper equation: 

1 ( )dp dT dVmR p
dt V dt dt
= −                                                            (6) 
According to the assumptions, the specific internal energy e is a function of the in-cylinder temperature T 
and the instantaneous excess air coefficient λ, e=CVT, CV is  constant volume specific heat, at the same time, 
R=CP-CV and ks= CP/CV, integrated upper equation (3)-(6), the following equation can be obtained: 

1( )s W i oi o s
k dQ dm dmdp dm p dVh h e k
dt V dt dt dt dt V dt
−
= + − − −                                    (6) 
Generally speaking, heat loss caused by heat exchange between the working fluid and the cylinder wall of 
the engine has a great impact on the engine's thermal efficiency. Although compressed air is used to drive 
the FPE instead of internal combustion in this paper, the temperature change in the cylinder is small, but still 
cannot be ignored. The heat transfer between the working fluid and the cylinder wall in unit time can be 
described by the following formula:                

3 3
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Where α is instantaneous heat transfer coefficient, TWi is wall average temperature, Ai is heat transfer area, i=1 
represents the bottom surface of cylinder head, i=2 represents the top surface of cylinder head, and i=3 
represents the cylinder wall. The top and bottom surface of the cylinder head remain invariant, and the 
contact surface of the cylinder sleeve changes with the movement of the piston according to time. 
According to the assumed condition 3),  the gas valve at the throat of inlet and outlet is equivalent to an 
orifice plate with the flow area changed with time and the gas flow can be treated approximately in a one-
dimensional isentropic adiabatic process. When the pressure is different inside and outside the cylinder the 
gas flow may be in different states. The exhaust process can be regarded as the reverse process of the gas 
intake stroke, so the intake stroke is taken  as example.  
when 12( )
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,  is in subcritical flow state, the rate of change of intake and exhaust flow rate is, 
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                                          (9)
  
Where k is the adiabatic coefficient, eµ is the flow coefficient, F is the area of air intake and exhaust. Pi  is 
inlet pressure.  
The thermodynamic opening system of FPE is established from the assumed conditions and the above 
equation as shown in the Fig.3. 
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Fig.3 The thermodynamic opening system of FPE 
2.2.4 Generator submodel 
The principle of permanent magnet linear generator is similar to that of rotating generator, the difference 
between them is that the linear generator has the edge effect. Therefore, the following assumptions are made 
for the model: 1) neglecting the space harmonics, the three-phase windings are symmetrical, and the electric 
angles difference between each other in space is 120°. The generated magnetic potential is distributed around 
the air gap according to the sine law; 2) the eddy current and hysteresis loss are ignored; 3) the influence of 
frequency change and temperature change on the winding resistance is ignored; 4) the edge effect is ignored. 
A. The electromagnetic equation of generator can be written as, 
bd k B lNdxδψ =                                                                   (10) 
 2( )
3
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πψ ψ ϕ
πψ ψ ϕ
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= ∠ +
                                                              (11) 
where eϕ is the initial phase. ψ is the magnetic linkage, Aψ , Bψ , Cψ is the magnetic linkage of each phase 
winding, bk is the winding factor, Bδ is the air gap flux density, l is the length, N number  of  winding.  
B. The Generator voltage equation of generator are,  
A
A s A
B
B s B
C
C s C
du R i
dt
du R i
dt
du R i
dt
ψ
ψ
ψ
 = −

 = −


= −
                                                              (12) 
where Au , Bu , Cu  is terminal voltage of stator windings, Ai , Bi , Ci  is the phase current of stator windings, sR
is the phase resistance of stator windings . 
C. The magnetic chain equation of generator are, 
 6 
 
A AA A AB B AC C mA
B BA A BB B BC C mB
C CA A CB B CC C mC
L i M i M i
L i M i M i
L i M i M i
ψ ψ
ψ ψ
ψ ψ
= + + +
 = + + +
 = + + +
                                          (13) 
cos( )
2cos( )
3
2cos( )
3
mA mf
p
mB mf
p
mC mf
p
x
x
x
πψ ψ
τ
π πψ ψ
τ
π πψ ψ
τ

=

 = −


 = +

                                                        (14) 
where ijL 、 ijM is the self-inductance and mutual inductance of each phase winding, mfψ is the maximum 
value of magnetic linkage of permanent magnet, mAψ , mBψ , mCψ is the magnetic linkage maximum value of 
each phase permanent magnet. 
D. The electromotive force of generator windings can be calculated by: 
sin( )
2
sin( )
3
2
sin( )
3
mA
A mf
p p
pmB
B mf
p p
pmC
C mf
p p
dE v x
dt
dE v x
dt
dE v x
dt
ψ π πψ
τ τ
τψ π πψ
τ τ
τψ π πψ
τ τ
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
 = − = −


 = − = +

                                    (15) 
where AE , BE , CE is induced electromotive force. 
E. The electromagnetic force of generator can be calculated by: 
1 ( )
2 2[ sin sin( ) sin( )]
3 3
e A A B B C C
m A B C
p p p p
F E i E i E i
v
i x i x i xπ π π π π πψ
τ τ τ τ
= + +
= + − + +
                      (16) 
where  pτ  is the polar distance/polar pitch of electric machine, eF is the electromagnetic force. 
2.2.5 Integrated model  
Based on the above submodels, an integrated FPLG simulation model is constructed in Matlab/Simulink, 
as shown in Fig.4. 
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Fig.4 Integrated FPLG Model System in Simulink  
2.3 Experimental test rig 
The FPLG  consists of free-piston linear expander (PFLE), permanent magnet linear generator (PMLG), 
various sensors, data acquisition system, control system and valve train. The PFLE consists of  two opposed  
pistons and cylinders which is connected by connecting rod and coupled with the PMLG through it. The 
continuous movement of the piston drives the PMLG to generate electric energy, which is consumed by 
external load.  
The main parameters of FPLG test rig are shown in Tab.1, the experimental test rig of the compressed air-
driven FPLG system is shown in Fig.5. The test signals mainly include displacement, velocity, cylinder 
pressure and temperature. The output voltage of the PMLG can be obtained by testing the voltage between 
the ends of the external load. The piston displacement sensor and the cylinder pressure sensor are used to 
detect the displacement signals of the piston and the pressure signals in the cylinder and provide the signals to 
the controller. The incremental magnetic sensor is used to collect the position/displacement signal from one 
side of piston to another. The intake air pressure depends on the pressure sensor. The valve train is used to 
provide power which is composed of air compressor, stabilized pressure gas storage tank and various 
instruments.  
Tab.1 The parameters of the FPLG test rig 
Parameter Value 
Number of cylinders 2 
Cylinder Bore (mm) 39 
Stroke (mm) 75 
Rated voltage (V) 18 
Rated power (W) 60 
Inlet temperature(K) 300 
Coefficient of viscous friction(N/(m/s)) 20 
Frequency /Hz 3~15 
 
Fig.5 Experimental test rig of the compressed air driven FPLG system 
The experimental data is collected from 1s after the system is initialized, when the piston amplitude is 
stable. Select the point with the smallest piston displacement as the starting point for data collection. The data 
acquisition and control system is shown in Fig.6. The NI X6341 is adopted as the multi I/O acquisition 
system to collect data from the sensors, and the board is equipped with A/D  inputs and outputs. The piston 
displacement is used as the feedback signal to control the opening/closing of the intake/exhaust valves. The 
possible errors could be the sensitivity error of the pressure and displacement sensors. The accuracy of 
pressure sensor is ±1%. The accuracy of displacement sensor is ±15 μm. 
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Fig.6 FPLG Data acquisition and control system 
3. RESULTS  DISCUSSION 
Experimental tests and computational are conducted. The results are shown in the following sections. In 
order to verify the accuracy of the model, simulation results are compared with the experimental results. The 
displacement, velocity, acceleration, thrust displacement and velocity of simulation results are compared with 
the experimental data when the pressure is set at 3bar. 
3.1 Displacement curve with time-variation 
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Fig.7 The Experimental and simulation results of displacement curves with time-variation 
The experimental and simulation results of piston displacement curve with time-variation are 
shown in Fig.7. It can be seen from Fig.7, the overall trend of the simulation results and the 
experimental results is the same, and the curve of the displacement with time-variation is sinusoidal. 
The simulation displacement reaches the maximum value of 75mm at 0.13s, and the experimental 
results reach the maximum value of 74mm at 0.135s. The simulation results are 1.7% larger than the 
experimental data. The simulation results of frequency are 3.6 % larger than the experimental results 
of frequency. This may mainly be caused by the friction loss, the intake and exhaust momentum loss, 
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the eddy current loss and hysteresis loss of the generator, which are ignored in the simulation. But the 
errors are all less than 5% which proves the model is accurate. 
3.2 Velocity and acceleration with time-variation 
The simulation and experimental results of velocity curve with time-variation are shown in Fig.6. 
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Fig.8 Comparison of experimental and simulation results of velocity with time-variation 
It can be seen from Fig.8, the overall trend of the results of the experiment and the simulation are the 
same. The results show that the velocity of TDC and BDC is 0; when time is at 0.08s, the maximum speed 
of the simulation is 0.72m/s and the maximum speed of the experiment is 0.7m/s at 0.095s. The peak 
velocity from simulation is 2.8% larger than that of the experimental results and the average frequency from 
simulation is 3.7% higher than that of the experimental results. This is because the losses are ignored in the 
simulation model, which causes the speed of the piston to be faster and the frequency increases. In 0-0.1s 
and 0.29-0.38s, the simulation results are larger than the experimental results, while in 0.21-0.27s, the 
experimental results are larger than the simulation results, which is due to neglecting the friction and 
momentum loss in the simulation model, which causes the speed to change faster near the zero point. The 
relative error of frequency in Fig.8 is basically the same as it in Fig.7. 
The comparison of experimental and simulation results of acceleration curves with time-variation is shown 
in Fig.9. 
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Fig.9 The comparison of experimental and simulation results of acceleration with time-variation 
It can be seen from Fig.9, the acceleration of the piston motion is not a pure sinusoidal curve, and there is a 
smaller trough at the peak of the wave. This is because, the piston moves to the right air intake position when 
t = 0.1s, the air pressure on the left and right side is opposite, the counteraction decreases the acceleration. 
When the pressure in the left cylinder is reduced to the atmospheric pressure, the pressure of the in the right 
cylinder increases and the acceleration increases. The experimental results show a small wave peak amplitude 
of 0.8m/s2 at 0.12s. When the time is less than 0.25s, the amplitude of the wave trough is 5.6m/s2. The 
simulation results are similar to the experimental results. However, because of the existence of losses in the 
working process, the simulation results are larger than the experimental results. The maximum acceleration of 
the experiment is 14.1m/s2 at 0.02s, which is 3% smaller than that of the simulation results. The frequency of 
the simulation results is 3.6% higher than that of the experimental results. 
 3.3 Thrust curve with time-variation 
The Experimental and simulation results of thrust curve with time-variation are shown in Fig.10. It can be 
seen from Fig.10, the simulation results of thrust is slightly larger than the experimental and results because 
of neglecting the generator loss and the friction loss of system. The simulation results show a wave peak 
amplitude of 43N at 0.02s which is larger than the wave peak amplitude of 41N at 0.22s. The experimental 
results also show the wave peak amplitude at 0.02s is larger than that at 0.22s. It can be seen from Fig.9 the 
trend of thrust with time-variation are the same as acceleration. The average relative error of thrust between 
the experimental and simulation results is 2.3%. 
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Fig.10 The Experimental and simulation contrast of thrust with time-variation 
3.4 Velocity and output voltage and current curve with displacement-variation 
The piston velocity variation with its displacement is shown in Fig.11. It can be seen from Fig.11, the 
piston displacement- velocity curve is elliptical, the minimum piston velocity at TDC and BDC is 0, and the 
maximum acceleration is 11.2m/s2. When the piston reaches the middle position, the speed can reach to 
0.8m/s, and the minimum acceleration is 0. The simulation results are larger than the experimental data in 
proximity to TDC and BDC, which is due to neglect the friction loss and momentum loss during the 
compressed air flowing in/out processes. The simulation results are larger than the experimental results and 
the average relative error between simulation  and experimental results is 4.8% at the range of  55-75mm, as 
shown in Fig. 11.  
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Fig. 11 Variation of piston velocity with its displacement 
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Fig.12 The experimental and simulation contrast of output voltage with time-variation 
The experimental and simulation contrast of output voltage with time-variation is shown in Fig.12. From 
the Fig.12, it can be seen that the curve of voltage-time is sinusoid. The voltage is zero at the TDC and 
BDC, because the speed is zero at those points and the stator winding of PMLG does not cut the flux and 
does not induce voltage. The experimental value of maximum voltage  is 18.5V and the simulation value is 
the rated value 19V, and the average relative error between them is 3.4%. 
The output current with displacement-variation at 5Ω load is shown in Fig.13. From Fig.13, it can be 
found that the curve of current-piston displacement is similar to the curve of voltage-piston displacement. 
This is because the linear relationship between voltage and current. The current is zero at the TDC and BDC 
because of zero speed at this point and no induce voltage. The maximum current is near the middle point and 
the experimental result is 3.45A. Compared with the simulation result of 3.60 A, the relative error  is 3.7%. 
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Fig.13 The output current with displacement-variation at 5Ω load 
The peak voltage with pressure-variation is shown in Fig.14. From Fig.14, it can be seen the curve of peak 
voltage-pressure is linear. The peak output voltage is increased with the increase of pressure. The average 
relative error between simulation and experiment is 4.1%. Thus a linear regression was undertaken, and then 
the relation between the peak output voltage and the driven pressure is linearized and  can be expressed 
respectively by: V=8.752, P-8.532 (simulation) and V=8.538, P-8.735(experiment), where V represents the 
peak output voltage, and P is the driven pressure. 
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Fig.14The peak voltage with pressure-variation 
4.   THE INFLUENCE OF SYSTEM PARAMETERS ON PISTON MOTION PERFORMANCE 
Through the above comparison of the results from simulation and experimental tests, the accuracy 
of the model is verified. The effects of pressure, piston mass and intake location on the motion 
performance of the system are further studied using the verified modelling. The results and discussion 
are given as follows. In order to avoid the risk of the piston colliding with the cylinder head, the 
piston stroke is controlled to be maximum 75 mm in the simulation. The limit position protection 
device can be set here during system operation. 
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4.1 Influence of pressure on motion performance 
The influence of pressure change on the displacement and velocity of the piston are shown in 
Fig.15 and Fig.16 respectively.  
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Fig.15 The influence of pressure on the displacement 
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Fig.16The influence of pressure on piston velocity 
 
From Fig.15 and Fig.16 it can be seen that the displacement and velocity of piston motion vary 
periodically under different air pressure. When the air pressure increases from 1 bar to 4 bar, the mechanical 
TDC increases and the mechanical BDC decreases slightly. That means the displacement of piston is longer 
when the air pressure is higher. When the pressure increases, the peak velocity of the piston increases and the 
motion frequency becomes higher. 
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4.2 Influence of piston assembly mass on the motion performance 
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Fig.17The influence of piston assembly mass on the motion performance 
The influence of piston assembly (piston group) mass on the motion characteristics is shown in Fig.17. It 
can be seen from Fig.17, as the mass is increased from 2kg to 5kg, the TDC is increased from 62mm 
to 75mm, the frequency is reduced.  
The influence of piston assembly mass on the piston velocity is shown in Fig. 18. 
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Fig.18 The influence of piston assembly mass on piston velocity 
It can be seen from Fig.18, the velocity peak of the piston motion is reduced from 0.85m/s to 0.7m/s with 
the increase of the mass, and the frequency decreases. That means the piston velocity and frequency becomes 
lower when the mass of piston assembly is higher.  
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4.3 Influence of air intake position on the motion performance 
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Fig.19The influence of left air intake and exhaust position on the motion performance 
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Fig.20 The influence of the position of left air intake on the piston velocity 
The influence of the position of air intake and exhaust on the displacement and velocity of the piston are 
shown in Fig.19 and Fig.20. It can be seen from Fig.19, when the position of air intake / 1I OX  on the left is 
increased from 15mm to 30mm, the BDC is increased from 4mm to 20mm, and the TDC is increased 
from 70 mm to 74mm. Fig.20 shows the peak speed is reduced from 0.82m/s to 0.7m/s, and the frequency is 
smaller. This is because the position of left air intake is increased, the acceleration stroke of the piston is 
reduced, which leads to the decrease of speed and the decrease of frequency. 
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Fig.21 The influence of the right air intake position on the displacement. 
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 Fig.22 The influence of the right air intake position on the velocity 
The influence of the position of right air intake on the displacement and velocity of the piston are shown in 
Fig.21 and Fig.22. It can be seen from Fig. 21, when the air right intake position is increased from 45mm to 
60mm, the TDC is increased from 54mm to 71mm. The BDC is reduced from 6 mm to 4 mm. It can be seen 
from Fig. 22, the peak speed is increased from 0.67m/s to 0.8m/s, and the frequency increases.  
In conclusion, the motion stroke of the piston in cylinder can be adjusted by adjusting the air intake 
position to make the linear generator work in the optimal range. 
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4.4 Influence of pressure on the output voltage 
It is well known that piston pressure, mass or intake position will affect the output voltage of PMLG. The 
influence of piston pressure, mass or intake position on motion performance of FPLG system is ultimately  to 
change the piston velocity which will affect the output voltage of PMLG. So the influence of piston pressure, 
mass or intake position on output voltage are similar, and the influence of piston pressure on output voltage is 
taken as an example for simulation study. 
The PMLG in this paper is a flat one, has long primary (stator) and short secondary (mover) structure. The 
main parameters of the generator are shown in tab.2. In order to investigate the output voltage of PMLG 
changing with the piston pressure, the 2D simulation model of generator is established by Ansoft software, as 
shown in the Fig.23. 
Tab.2 Main parameters of PMLG 
parameters value 
The length of the primary /mm 300 
Primary width /mm 192 
The length of the secondary /mm 200 
Secondary width /mm 182 
Pole number 10 
The air gap length /mm 1 
 
Fig.23 2D simulation model of PMLG 
In order to study the influence of air pressure on output voltage, the velocity curves under different 
pressures are fitted by Fourier method. Then the fitting function is introduced into the Ansoft software to 
obtain the three-phase voltage curve of the permanent magnet linear generator under different pressures, as 
shown in Fig.24. 
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(a) P =1bar                                                                              (b) P =2bar 
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Fig. 24 Three-phase voltage of generator under different pressures 
It can be seen from Fig.24, when the air pressure increases from 1 bar to 4 bar, the peak voltage increases 
from 5V to 22V, and the frequency increases from 3.85Hz to 11.9Hz.  
4.5 Influence of the related factors on the efficiency of FPLG 
The generator efficiency η can be calculated by the following formula:   
a a b b c c
a a b b c c copper iron eddy
U I U I U I
U I U I U I P P P
η + +=
+ + + + +
                                            (17)
 
Where  Ua , Ub and Uc are the phase voltage of each phase respectively; Ia , Ib and Ic are the phase current of 
each phase respectively, for generator the current depends on the load; Pcopper , Piron and  Peddy are the copper 
loss, iron loss and eddy current loss of  PMLG respectively. 
The voltage harmonic distortion (VTHD) is calculated by the following formula: 
 
100%
2 2 2
2 3 n
1
(U +U +...+U )
VTHD
U
= ×                                                   (18)
 
Where  U1 is RMS of fundamental voltage, Un is RMS of n-th harmonic voltage. 
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Fig.25 The VTHD and generator efficiency under different pressures 
Fig.25 shows the VTHD and generator efficiency under different pressures. It can be seen from Fig.25, 
when the pressure increases, the VTHD gradually decreases but the decrease amount becomes smaller and 
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smaller. The efficiency of PMLG increases with the increase of pressure and the increase trend gradually 
reduces. The output waveform becomes better when the pressure is increased. 
The energy conversion efficiency of FPLE system ηall can be calculated under different driven  pressures 
using the following formula:  
out
all
in in
UIdtW
W p AS
η = = ∫                                                            (19)
 
Where ηall is the system energy conversion efficiency, A is the piston area, S is the piston stroke, U is the 
output voltage, I is the output current. 
The system energy conversion efficiency with pressure-variation is shown in Fig.26. The conversion 
efficiency is about 22.8% with driven pressure of 2.0 bar and it increases with the increasing of driven 
pressure. The system energy conversion efficiency can reach up to 39% with driven pressure of 3.0 bar, and 
45.6% with driven pressure of 4 bar. 
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Fig.26 The system energy conversion efficiency with pressure-variation 
Further study is performed on the efficiency of linear generator with varied strokes and under the pressure 
3bar and 5Ω load resistance. By changing the air intake and exhaust position on the left and right side and the 
stroke, the efficiency of generator under different air intake position (refer to Fig.2) is obtained and are shown 
in Tab.3. 
Tab.3 The efficiency of generator under different air intake position 
/ 1I OX  (m) / 2I OX  (m) Efficiency (%) 
0.020 0.050 86.4 
0.015 0.055 89.6 
0.010 0.060 91.5 
It can be seen from Tab.3, when the air intake position is changed and the stroke of linear generator is 
increased, the efficiency of the linear generator increases, from 86.4% to 91.5%. To avoid the collision of 
piston to cylinder head, the increase of the stroke is restricted to maximum 0.075 m. 
The left and right air intake position are fixed by 15mm and 55mm respectively. The output power and 
efficiency of the generator under different loads are calculated. The curves of output power and efficiency 
with pressure-variation of  FPLG under different loads (5Ω, 10Ω and 15Ω) are shown in Fig.27. 
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Fig. 27 The curves of output power and generator efficiency of FPLG with pressure-variation  
It can be seen from Fig.27 (a), when the load is constant, the generator output power is increased with the 
increase of pressure. And the greater the pressure, the more the output power increases. When the pressure is 
constant, as the load increases, the output power and the amplitude decrease. When the load is 5Ω and the 
pressure is 4bar, the maximum power is 33.6W. It can be seen from Fig.27 (b), when the load is constant, the 
generator efficiency is increased with the increase of pressure. The greater the pressure, the higher the 
efficiency. When the pressure is constant, as the load increases, the efficiency and the amplitude decrease.  
Based on the above results, it can be seen that when the pressure is 4bar and the load is 5Ω, the left air 
intake position is 15mm, the right air intake position is 60mm, while the piston stroke is 75mm, the maximum 
efficiency of the generator is 93.6%. The efficiency can be improved with the increase of pressure but the 
further increase in pressure may lead the risk of the piston colliding with the cylinder head. So the 
maximum pressure should be limited which is 4 bar in this research. 
5.   CONCLUSIONS 
A two-stroke compressed air driven free-piston engine system is studied in the paper, the simulation 
and experimental results are compared and analyzed and the accuracy of the model is verified. The influence 
of air pressure, mass of piston assembly and intake location on piston motion characteristics is further 
analyzed, and the influence of different air pressure on output voltage is also discussed. The following 
conclusions can be drawn: 
1) An integrated FPLG model is set up including the submodels of the cylinder process, friction, 
kinematics and generator of the electromagnetic force. The accuracy of the model is verified by comparison 
with experimental results. The influence of air pressure, piston assembly mass and air intake position on the 
motion characteristics of  FPLG system and the output voltage of the PMLG are found. 
2) The influences of piston pressure, mass and intake position on output voltage of PMLG are analyzed. 
The peak velocity and voltage increases and the VTHD  decreases with the increase of pressure. The peak 
velocity and voltage decreases and the change amplitude reduces with the increase of the piston group mass. 
The peak velocity and voltage increases, but the increase trend gradually reduces with the decrease of left 
intake and exhaust position or the increase of right intake and exhaust position. The overall efficiency of 
FPLG system also increases with  the pressure increase. 
3) The air pressure, air intake position and the length of stroke are given, the efficiency of the linear 
generator increases when the stroke of the generator is increased. Under the same air intake position and load 
condition, the efficiency of the linear generator increases with the increase of the air intake pressure. Under 
the same air intake position and pressure, the efficiency of the linear generator is decreased with the increase 
of the load. When the pressure is 4bar and the load is 5Ω, the left air intake position is 15mm, the right air 
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intake position is 60mm and the piston stroke is around 75mm, generator efficiency has the highest efficiency 
(93.6%) and The system energy conversion efficiency has the highest efficiency (45.6%). 
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